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In the present work, we report the first experimental evidence of entropically driven C60 fullerene
aggregation in aqueous solution, occurring with nearly zero enthalpy change. © 2014 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4867902]
I. INTRODUCTION
The aggregation of C60 fullerenes has attracted much at-
tention during the past decade due to a widely recognized
influence of this process on physicochemical and biologi-
cal properties of the fullerene-containing systems.1–4 In par-
ticular, the link between antibacterial activity and the state
and morphology of C60 fullerene aggregates in solution has
recently been discovered,5, 6 suggesting the need for deeper
understanding of physicochemical properties of pristine C60
fullerene aqueous colloid solution (C60FAS) and invoking
the general question regarding which form of C60 fullerene
is bioactive, namely, a single molecule or its cluster?5, 7, 8
It has been recently established that the aggregates of pris-
tine C60 fullerenes provide an excellent template for for-
mation of highly ordered inclusion complexes with other
molecules, resulting in amplified physicochemical or biologi-
cal properties.9–11
Although the kinetic and equilibrium aspects of pristine
C60 fullerene aggregation have so far been characterized rel-
atively well (see Refs. 12–14 and references therein), the
knowledge of physical factors which regulate this process in
water solution is still quite limited and is mainly based on
the results of computer simulations. In particular, a very com-
plex interplay between the van der Waals, electrostatic and
hydrophobic interactions on C60 fullerene aggregation which
presumably does not follow classical hydrophobic effect was
shown.15–17 However, the overall thermodynamic picture of
C60 fullerene aggregation in aqueous solution still remains
unclear.
In the present work, we provide the first experimen-
tal evidence suggesting that the aggregation of pristine C60
a)Author to whom correspondence should be addressed. Electronic mail:
max_evstigneev@mail.ru. Fax: +380 (692) 243-590.
molecules in aqueous solution is a predominantly entropically
driven process with negligible net enthalpic contribution.
II. MATERIALS AND METHODS
A. Preparation of pristine C60 fullerene
aqueous solution
The pristine C60 fullerene aqueous colloid solutions
(C60FAS) used in the experiments were prepared as
follows:18, 19 a saturated solution of C60 fullerene (99.5% pu-
rity) in toluene was mixed with the same amount of distilled
water and the resulted two-phase system was subjected to the
ultrasonic treatment until a completion of the toluene evap-
oration. Afterwards, the yellow-colored water phase was fil-
tered for removing the un-dissolved C60 fullerenes. C60FAS
was prepared in 0.1 mg/ml (1.39 × 10−4 M) C60 fullerene
concentration in distilled water.
Preliminary characterization of the obtained C60
fullerene products was carried out using UV/VIS spec-
troscopy in aqueous and toluene solutions. The UV/VIS
absorption spectra were measured in the range of the wave-
lengths, λ = 200–700 nm, at room temperature. The results
(not shown) agree with literature data well, indicating that
C60 fullerene aqueous solution was formed (see Ref. 18 and
references therein).
B. AFM characterization of C60 fullerene
aqueous solution
The state of C60 fullerene in aqueous solution was mon-
itored using atomic force microscopy (AFM; “Solver Pro M”
system; NT-MDT, Russia). The sample was deposited onto
cleaved mica substrate (V-1 Grade, SPI Supplies) by precipi-
tation from an aqueous solution droplet. Sample visualization
was conducted in semi-contact (tapping) mode using NSG10
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(NT-MDT) probes. AFM measurements were performed after
complete evaporation of the solvent.
C. Dynamic light scattering study
The size distribution of C60 fullerene aggregates was
measured by dynamic light scattering (DLS) at vari-
ous temperatures in the range 15–60 ◦C on a DAWN R©
HELEOSTM 243-HHC (Wyatt Technology Corp.) DLS in-
strument equipped with a Ga-As laser (60 mW) operating at a
wavelength of 658.0 nm. The measurements at each temper-
ature point were performed in triplicate and mean value was
calculated.
D. Isothermal titration calorimetry (ITC) study
All ITC experiments were performed in water at 25 ◦C
using an AutoITC isothermal titration calorimeter (MicroCal
Inc. GE Healthcare, Northampton, USA) with 1.4491 ml of
sample and reference cells. The cell containing distilled wa-
ter was used as reference. The data were processed with Ori-
gin 7 from MicroCal. An initial 2 μl was discarded from
each data set in order to remove the effect of titrant diffu-
sion across the syringe tip during the equilibration process.
The experiment consisted of injecting 10.02 μl (29 injections,
2 μl for the first injection only) of distilled water or solution of
C60 (∼13.9 μM) into the reaction cell containing distilled wa-
ter. All the solutions were degassed before titrations were per-
formed. The titrant was injected in 4 min intervals to ensure
that the titration peak returned to the baseline prior to the next
injection. Each injection lasted 20 s. In order to achieve ho-
mogenous mixing in the cell, the stirrer speed was kept con-
stant at 300 rpm.
III. RESULTS AND DISCUSSION
A. Analysis of DLS data
The AFM image (Figure 1) clearly demonstrates ran-
domly arranged, individual C60 molecules and their bulk
clusters with heights dispersed in the range 10–100 nm.
The results obtained indicate polydispersity of the C60FAS
FIG. 1. The AFM picture of the distribution of C60 fullerenes in water at the
concentration of 0.1 mg/ml.
FIG. 2. Distribution of light scattering intensity over hydrodynamic diame-
ters of dissolved C60 fullerene clusters.
used in our study. Output from a typical DLS experiment
(Figure 2) shows the distribution of light scattering particles
according to their hydrodynamic diameters at a fixed solute
concentration and room temperature. The main fraction of
light scattering particles is distributed in the diameters range
30–230 nm and generally agrees with the AFM data. Cor-
responding DLS size distributions and cluster sizes of C60
fullerene aggregates were reported previously by different
researchers.12–14, 20, 21
The temperature dependence of mean hydrodynamic di-
ameter, dz(T), for C60FAS is shown in Figure 3. The most re-
markable feature is the absence of any statistically meaningful
trend of dz with T in the temperature range studied. In order
to verify the equilibrium state of C60FAS and the absence of
any irreversible changes in C60FAS during the course of ex-
periment, the temperature dependence was recorded in both
heating and cooling modes, always resulting in similar diam-
eters of particles, within the error limits. Such behavior may
originate from two main reasons:
(i) no aggregation of C60 particles occurs in C60FAS, thus
leading to constant mean diameter dz (T ) = const. The
constancy of dz(T) is well known for certain types of
monodispersed micellar solutions (e.g., see Ref. 22).
However, the C60FAS is a highly dispersed system (see
above), and the existence of C60 fullerene aggregation
should be considered as a generally accepted fact (see
the Introduction).
However, it should be noted that the constancy of
dz(T) may also be explained in terms of existing of
the polydispersed fullerene aggregates in kinetically ar-
rested state under which the raise of temperature in
the range studied does not induce dissociation of clus-
ters. This hypothesis originates from the assumption that
fullerene aggregation in solution may pass through two
phases, viz., the rapid initial cluster formation phase
and the slower phase leading to formation of larger
clusters.23 The latter phase may be associated with the
kinetically arrested state. If so, DLS titration of concen-
trated C60FAS should result in nearly unchanged (or ran-
dom, if the titration procedure may invoke the breakage
of clusters) value of mean hydrodynamic diameter.
However, the experiment14 has shown quite appar-
ent and reproducible changes in dz on concentration
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FIG. 3. Temperature dependence of z-average and polydispersity index.
consistent with aggregation. In addition, the estimations
of the magnitude of C60FAS equilibrium aggregation
constant (see Ref. 14 for more discussion) available in
literature fall in the range of values typical for the sys-
tem under thermodynamic equilibrium.
In summary, it may be concluded that most likely the
observed constancy of dz(T) in Figure 3 is not the mani-
festation of the kinetically arrested state of fullerene ag-
gregates in solution;
(ii) the aggregation of C60 particles occurs in solution with
equilibrium constant K,
K = exp
(
T S − H
RT
)
, (1)
where H and S are the changes in enthalpy and en-
tropy. In this case the equilibrium distribution of aggre-
gated particles and the intensity-averaged quantity, dz,
are dependent on K. Hence, if dz is independent on T, so
the K must be independent too. Let us further apply this
assumption to Eq. (1).
The derivative of Eq. (1) by temperature under constant
pressure gives the condition of constancy of K in the form:
1
T
∂ (H )
∂T
− H
T 2
− ∂ (S)
∂T
= 0. (2)
Introducing the standard definition of heat capac-
ity change under constant pressure, i.e., CP = ∂(H )∂T
= T ∂(S)
∂T
, one gets the trivial solution of Eq. (2) as H = 0. It
should be noted that this result is dependent on the assumption
that the dz quantity and the dynamic equilibrium in solution
are interconnected via the equilibrium constant. An alterna-
tive and more direct measure of aggregation in solution is the
polydispersity index, Q. It is given as the normalized vari-
ance of decay rates for intensity autocorrelation function,14
and is typically available in software package supporting the
DLS measurements. It is seen from Figure 3 that the Q quan-
tity is independent on T, confirming that the aggregation state
of C60FAS remains essentially unchanged on temperature
variation.
The DLS data obtained above suggest close to zero en-
thalpy change of fullerene aggregation. This result may be
directly verified by measuring thermal effects of fullerene ag-
gregation in ITC study.
B. Analysis of ITC data
In order to check thermal effects of possible C60FAS ag-
gregation we applied ITC. Thermograms representing titra-
tion of water with water (control) and water with C60FAS
are shown in Figure 4. The obtained data show no essen-
tial differences between magnitudes of recorded peaks. De-
termined thermal effects of titration of water with water and
water with C60FAS also do not exhibit significant differences
(Figure 5). All determined values of experimental points as
well as heat difference obtained by subtraction heat effects
mentioned above do not differ and oscillate near zero. The
performed ITC analysis indicates no enthalpy changes (H
≈ 0) on aggregation of C60 particles.
FIG. 4. Microcalorimetric titrations of water with water (a) and water with
C60 solution (initial concentration ∼13.9 μM) with water (b).
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FIG. 5. Thermal effects of microcalorimetric titration of water with water,
water with C60 solution (initial concentration ∼13.9 μM) (a) and the heat
differences between thermal effects mentioned above (b). Dashed line repre-
sents trend line.
C. Nature of forces governing the fullerene
aggregation in aqueous solution
The principal result obtained above from analysis of DLS
and ITC data, viz., H ≈ 0, enables one to conclude that
the observed in Figure 3 independence of the particles’ di-
ameters in C60FAS on temperature is likely due the fact that
C60 fullerene aggregation in solution is an entropically driven
process with negligible contribution from enthalpy change.
The instances of purely entropic aggregation processes are
well-known in physical chemistry for micellar solutions (e.g.,
Ref. 24). We can also cite the only known example related to
aggregation of modified C60 fullerenes,25, 26 where the depen-
dence of hydrodynamic diameter was also reported to be con-
stant, although no interpretation to this result was provided.
The entropic origin of C60 fullerene aggregation can also be
deduced from the recently reported results of decomposition
of the experimentally measured Gibbs free energy change,
G, in terms of a sum of energy contributions from various
physical factors.14 The reported value, G = −6.5 kcal/mol
(at T = 298 K), which is the sum of van der Waals, electro-
static, hydrophobic, and various entropic factors, is charac-
terised by close to zero net effect of the principal enthalpic
factors, i.e., Gvan der Waals + Gelectrostatic = 0. . . 3 kcal/mol,
which is within the limits of the error of computations in
Ref. 14. In contrast, among the set of entropic factors (hy-
drophobic, change in the number of translational, rotational,
and vibrational degrees of freedom), the hydrophobic factor
was shown to overbalance the change in the number of de-
grees of freedom. Hence, within the context of the present
work, the hydrophobic factor may be treated as the main driv-
ing force to C60 fullerene aggregation, providing additional
support to the hypothesis of entropically driven fullerene
aggregation in aqueous solution.
The importance of hydrophobic factor in fullerene aggre-
gation is not unusual and might be expected taking into ac-
count that the process occurs in aqueous solution. However,
the close to zero enthalpy change could not be expected from
the very beginning because the interaction of aromatic sur-
faces in solution is commonly accompanied by relatively high
negative value of H.27 We may suggest the following ratio-
nale in order to explain this observation.
Experimental18, 21, 30 and theoretical16, 17 evidences sug-
gest that fullerene aggregation in water proceeds in non-
classical hydrophobic manner featuring exceptionally strong
fullerene-water interaction, which presumably overbalances
the fullerene-fullerene interactions. Typical manifestations of
this situation are the irreversible character of the adsorp-
tion/desorption isotherms,28 the minimal extraction of C60
fullerene from water-colloid solutions by toluene,29 and the
ability of C60 fullerenes from C60FAS to hold water molecules
even in vacuum.30 This feature enables one to conclude that
during formation of fullerene clusters and aggregates in so-
lution the first hydration shell surrounding each fullerene
molecule remains essentially unchanged resulting in a contact
distance between the surfaces of the neighboring fullerene
molecules larger than observed for typical aromatic-aromatic
stacking (∼0.34 nm). It follows that the contribution of short-
range van der Waals forces into the stacking of C60 molecules
should be much lower as compared to classical π -stacking
of aromatic surfaces. Under such conditions the expected
enthalpy change may be close to zero and the stabilization
of aggregates mainly occurs due to hydrophobically favor-
able removal of water molecules from the weakly attached
second- and higher-level hydration shells. This qualitative
model, from our viewpoint, may explain the nature of the
observed entropy-driven aggregation of fullerene particles in
aqueous solution.
IV. CONCLUSIONS
In the presented research, basing on dynamic light scat-
tering study of the temperature dependence of mean hy-
drodynamic diameter of C60 fullerene clusters in aqueous
solution, and isothermal titration calorimetry study of C60
fullerene aqueous solution, we report entropically driven C60
aggregation proceeding with nearly zero enthalpy change.
The origin of the observed effect is considered to be due to
exceptionally strong fullerene-water interaction, overbalanc-
ing the fullerene-fullerene interactions, and emphasising the
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importance of hydrophobically favorable water rearrange-
ment in the second- and higher-level hydration shells of
fullerene particles. These results deepen our understanding of
the nature of factors stabilizing fullerene clusters in aqueous
solution.
ACKNOWLEDGMENTS
We thank Grzegorz Gołun´ski for helpful discussion.
1H. Meng, G. Xing, B. Sun, F. Zhao, H. Lei, W. Li, Y. Song, Z. Chen, H.
Yuan, X. Wang, J. Long, C. Chen, X. Liang, N. Zhang, Z. Chai, and Y.
Zhao, ASC Nano 4, 2773 (2010).
2Z. Chen, R. Mao, and Y. Liu, Curr. Drug Metab. 13, 1035 (2012).
3S. Prylutska, R. Bilyy, M. Overchuk, A. Bychko, K. Andreichenko, R.
Stoika, V. Rybalchenko, Yu. Prylutskyy, N. G. Tsierkezos, and U. Ritter,
J. Biomed. Nanotechnol. 8, 522 (2012).
4S. V. Prylutska, A. P. Burlaka, P. P. Klymenko, I. I. Grynyuk, Yu. I.
Prylutskyy, Ch. Schuetze, and U. Ritter, Cancer Nanotechnol. 2, 105
(2011).
5D. Y. Lyon, L. K. Adams, J. C. Falkner, and P. J. Alvarez, J. Environ. Sci.
Technol. 40, 4360 (2006).
6S.-R. Chae, A. R. Badireddy, J. Farner Budarz, S. Lin, Y. Xiao, M.
Therezien, and M. R. Wiesner, ACS Nano 4, 5011 (2010).
7P. Scharff, L. Carta-Abelmann, C. Siegmund, O. P. Matyshevska, S. V.
Prylutska, T. V. Koval, A. A. Golub, V. M. Yashchuk, K. M. Kushnir, and
Yu. I. Prylutskyy, Carbon 42, 1199 (2004).
8Y. Rud, L. Buchatskyy, Yu. Prylutskyy, O. Marchenko, A. Senenko, C.
Schütze, and U. Ritter, J. Enzyme Inhib. Med. Chem. 27, 614 (2012).
9A. Montellano, T. Da Ros, A. Bianco, and M. Prato, Nanoscale 3, 4035
(2011).
10Z.-Q. Li, Y.-M. Zhang, D.-S. Guo, H.-Z. Chen, and Y. Liu, Chem. - Eur. J.
19, 96 (2013).
11M. P. Evstigneev, A. S. Buchelnikov, D. P. Voronin, Yu. V. Rubin, L. F.
Belous, Yu. I. Prylutskyy, and U. Ritter, ChemPhysChem 14, 568 (2013).
12N. O. Mchedlov-Petrossyan, Chem. Rev. 113, 5149 (2013).
13Z. Meng, S. M. Hashmi, and M. Elimelech, J. Colloid Interface Sci. 392,
27 (2013).
14Yu. I. Prylutskyy, A. S. Buchelnikov, D. P. Voronin, V. V. Kostukov, U.
Ritter, J. A. Parkinson, and M. P. Evstigneev, Phys. Chem. Chem. Phys.
15, 9351 (2013).
15J. H. Walther, R. L. Jaffe, E. M. Kotsalis, T. Werder, T. Halicioglu, and P.
Koumoutsakos, Carbon 42, 1185 (2004).
16L. Li, D. Bedrov, and G. Smith, J. Chem. Phys. 123, 204504 (2005).
17L. Li, D. Bedrov, and G. D. Smith, J. Phys. Chem. B 110, 10509
(2006).
18P. Scharff, K. Risch, L. Carta-Abelmann, I. M. Dmytruk, M. M. Bilyi, O.
A. Golub, A. V. Khavryuchenko, E. V. Buzaneva, V. L. Aksenov, M. V.
Avdeev, Yu. I. Prylutskyy, and S. S. Durov, Carbon 42, 1203 (2004).
19S. V. Prylutska, O. P. Matyshevska, I. I. Grynyuk, Yu. I. Prylutskyy, U.
Ritter, and P. Scharff, Mol. Cryst. Liq. Cryst. 468, 265/[617]–274/[626]
(2007).
20J. Brant, H. Lecoanet, and M. R. Wiesner, J. Nanopart. Res. 7, 545
(2005).
21M. V. Avdeev, A. A. Khokhryakov, T. V. Tropin, G. V. Andrievsky, V.
K. Klochkov, L. I. Derevyanchenko, L. Rosta, V. M. Garamus, V. B.
Priezzhev, M. V. Korobov, and V. L. Aksenov, Langmuir 20, 4363 (2004).
22M.-C. Jones and J.-C. Leroux, Eur. J. Pharm. Biopharm. 48, 101 (1999).
23A. V. Eletskii, M. V. Okun, and B. M. Smirnov, Phys. Scr. 55, 363 (1997).
24T. L. Lin, M. Y. Tseng, S. H. Chen, and M. F. Roberts, J. Phys. Chem. 94,
7239 (1990).
25B. Sitharaman, R. D. Bolskar, I. Rusakova, and L. Wilson, Nano Lett. 4,
2373 (2004).
26É. Tóth, R. D. Bolskar, A. Borel, G. González, L. Helm, A. E. Merbach, B.
Sitharaman, and L. J. Wilson, J. Am. Chem. Soc. 127, 799 (2005).
27E. A. Meyer, R. K. Castellano, and F. Diederich, Angew. Chem., Int. Ed.
42, 1210 (2003).
28J. Labille, J. Brant, F. Villieras, M. Pelletier, A. Thill, A. Masion, M.
Wiesner, J. Rose, and J.-Y. Bottero, Fullerenes, Nanotubes, Carbon Nanos-
truct. 14, 307 (2006).
29S. Deguchi, R. G. Alargova, and K. Tsujii, Langmuir 17, 6013 (2001).
30G. V. Andrievsky, V. K. Klochkov, A. B. Bordyuh, and G. I. Dovbeshko,
Chem. Phys. Lett. 364, 8 (2002).
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
46.211.119.154 On: Thu, 13 Mar 2014 14:20:42
